Introduction
Protein glycosylation, one of the most common posttranslational modications, 1-3 plays critical roles in directing biological functions, 4 stabilities 5 and conformations of the parent proteins. 6 Among glycoproteins, the N-linked structures form a major subset, in which carbohydrate residues are attached to the core protein backbone through amide bonds with asparagine residues.
7 N-glycans share a pentasaccharide core, the two mannose units (D and E) at the non-reducing end of which can bear multiple branches (Fig. 1 ). While the most common points of attachment are C2/C6 hydroxy groups of mannose D (a1,6-arm) and C2/C4 hydroxy groups of mannose E (a1,3-arm), a novel b1,6-N-acetylglucosaminyltransferase (b1,6GnT-IX also designated as b1,6GnT-Vb) has been identied that can add a glycan to 6-OH of mannose E. 8 b1,6 branching is known to be important to malignant phenotypes of prostate cancer, neuroblastoma and melanoma. 9, 10 In addition to modications of D and E mannoses in the periphery, 4-OH of mannose C can be modied by a glycan such as N-acetyl glucosamine (GlcNAc), bisecting mannoses D and E. The bisecting GlcNAc is important for many biological processes, including tumor development, 11 immune response 12 and cellcell communication. 13 However, it is very challenging to obtain bisected N-glycans through either isolation from nature or synthesis.
During the past decade, tremendous advances have been made in synthesis of highly complex N-glycans with many innovative methods developed. [14] [15] [16] [17] [18] [19] [20] [21] [22] However, to date, N-glycans bearing a branch at 6-OH of mannose E (a1,3-arm) have not been synthesized. Given the structural complexity of N-glycans, synthesis of asymmetric antennae at each branching point remains a highly challenging task. To address this, we report our strategy enabling synthetic access to rare structures of Nglycans bearing antennary glycans on 6-OH of mannose E. To generate diverse glycan structures, a core tetrasaccharide was designed with potential branching points strategically protected with temporary protective groups that can be orthogonally removed. Furthermore, suitable conditions have been identied for the late stage installation of the bisecting GlcNAc moiety. The reducing ends of the synthetic N-glycans were then converted to oxazoline and transferred to a GlcNAc functionalized glycopeptide by endo-b-N-acetylglucosaminidase (Endo-A), [23] [24] [25] [26] [27] [28] providing access to glycopeptides bearing these rare Nglycan sequences.
To improve the overall efficiency of glyco-assembly, our Nglycan synthesis design hinges on divergent modications of a key tetrasaccharide 1 bearing four protective groups, i.e., tertbutyl-diphenyl silyl (TBDPS), uorenylmethyloxycarbonyl (Fmoc), 2,2,2-trichloroethoxycarbonyl (Troc) and levulinoyl (Lev), which are strategically placed at the potential branching points on mannoses D and E and may be removed orthogonally. Orthogonal deprotections have been shown to be powerful strategies for divergent synthesis of a large number of glycans including N-glycans. 16, [29] [30] [31] The free 4-OH of the mannose-C unit in 1 was kept free for late stage installation of the bisecting GlcNAc.
Experimental section

General experimental procedures
All chemical reactions were carried out under nitrogen with anhydrous solvents in ame-dried glassware, unless otherwise noted. Glycosylation reactions were performed in the presence of molecular sieves, which were ame-dried right before the reaction under high vacuum. Glycosylation solvents were dried using a solvent purication system and used directly without further drying. Chemicals used were reagent grade as supplied except where noted. Solid-phase peptide synthesis using the Fmoc-strategy
Most of amino acids and resins were purchased from Chemimpex. Reaction vessels (10 mL, disposable) and the Domino Block Synthesizer were purchased from Torvig. All peptides and glycopeptides were synthesized according to the Fmocchemistry based on solid phase peptide synthesis procedure.
Resins with pre-loaded amino acid were loaded into a plastic syringe tted with a lter and swelled in DCM for at least 1 h. For the coupling reactions, the Fmoc-amino acid (5.0 equiv.) was activated by O-(1H-benzotriazol-1-yl)-N,N,N 0 ,N 0 -tetramethyluronium hexauorophosphate (HBTU) (4.9 equiv.), 1-hydroxybenzotriazole (HOBt) (4.9 equiv.), N,N-diisopropylethylamine (DIPEA) (10.0 equiv.) and anhydrous DMF (5 mL) for 30 min. Then this mixture containing activated Fmoc amino acid was transferred to the syringe containing the resin, which was then rotated on a tube rotator to mix the solvent with the resins. Aer completion of coupling, the resin was washed with DCM (3 Â 5 mL) and DMF (3 Â 5 mL) for 1 minute, each time followed by cleavage of the Fmoc group by treatment of the resin with a solution of piperidine (20%) in DMF for at least 2 Â 20 min at r.t. Aer every coupling step, unreacted amino groups were capped by treatment with a mixture of Ac 2 O (0.5 mL), and DIPEA (1 mL) in DMF (3.5 mL) (capping reagent) for 2 times at 15 min each. and DIPEA (4 equiv. MeCN) ) with detection at 220 nm and 254 nm. Mass spectra were obtained by ESI mass spectra (Water Xevo G2-S Q-TOF LC-MS instrument).
General procedure for Fmoc removal
The starting material was dissolved in triethylamine and ethyl acetate (1/1, 0.5 mmol coupling product in 5 mL) and the reaction stirred at room temperature for 6 hours, when TLC indicated the completion of reaction. The solvent was evaporated under reduced pressure, and co-evaporated three times with ethyl acetate. Then the residue was puried by ash column chromatography.
General procedure for Lev removal
To a solution of a glycan (0.1 mmol) in DCM : CH 3 OH (1/1) was added hydrazine acetate (1 mmol), which was prepared in situ by mixing acetic acid and 51% hydrazine (4/1). The reaction was stirred at room temperature for 3 h, aer which it was diluted with ethyl acetate and washed with sat. NaHCO 3 and brine. The organic phase was dried (Na 2 SO 4 ), ltered, and the ltrate was concentrated under reduced pressure. The residue was puried by ash column chromatography.
General procedure for Troc removal
To a solution of a glycan (0.1 mmol) in THF and acetic acid (4 : 1, 5 mL) was added zinc dust (200 mg). The reaction was stirred at room temperature for 20 min, aer which it was ltered by celite and the ltrate was concentrated under reduced pressure. The residue was puried by ash column chromatography.
General procedure for TBDPS removal
To a solution of a glycan (0.1 mmol) in pyridine (3 mL) was added 70% HF$Py (1 mL) at 0 C. The reaction was stirred at room temperature for 3 h, aer which it was neutralized by sat. NaHCO 3 . The mixture was extracted with ethyl acetate and washed with 10% HCl, sat. NaHCO 3 and brine. The organic phase was dried (Na 2 SO 4 ), ltered, and the ltrate was concentrated under reduced pressure. The residue was puried by ash column chromatography.
General procedure for glycosylation catalyzed by NIS/AgOTf
A mixture of acceptor (20 mM in DCM), thioglycoside donor (3 equiv to each -OH), and 4Å molecular sieves in DCM was stirred at room temperature for 30 min. Then it was cooled to À30 C followed by addition of N-iodosuccinimide (1.2 equiv. to donor) and AgOTf (0.1 equiv. to donor). The reaction was stirred at À30 C for 1.5 hours, aer which it was quenched by DIPEA and ltered by celite, and the ltrate was concentrated under reduced pressure. The residue was puried by ash column chromatography.
General procedure for global deprotection
A mixture of protected oligosaccharide (0.01 mmol) and ethylene diamine : nBuOH (5 mL, 1/4) was stirred at 90 C overnight. The volatiles were evaporated, and the residue was puried by Sephadex LH-20. The crude product was dissolved in 0.5 mL pyridine followed by the addition of 0.05 mL acetic anhydride-1,1 0 -13 C 2 and the reaction was stirred overnight. The residue was puried by Sephadex LH-20. The products were then de-acetylated using sodium methoxide in MeOH (1.5 mL) overnight. The reaction mixture was neutralized by IR-120, ltered and concentrated in vacuum, and puried by Sephadex LH-20. To the products dissolved in MeOH : H 2 O : DCM (4/ 1/1, 2 mL), Pd(OH) 2 (100% by weight) was added, and the mixture was hydrogenated overnight. The reaction mixture was ltered through cotton and concentrated. The residues were puried by G-15 gel ltration chromatography using water as the eluent. The collected solution containing the product was lyophilized to obtain the product as a white powder.
General procedure for synthesis of glycosyl oxazolines
The free oligosaccharide was dissolved in H 2 O and cooled in an ice bath. Triethylamine (45 equiv.) and 2-chloro-1,3-dimethylimidazolinium chloride (DMC) (20 equiv.) were added and the reaction mixture was stirred in the ice bath. The reaction was monitored using High pH Anion Exchange Chromatography (HPAEC). Upon completion, purication was carried out on a Sephadex G10 gel ltration chromatography column eluting with 0.1% aqueous triethylamine. The pooled product fractions were then lyophilized to afford the product glycan oxazolines. The products were characterized using HPAEC and ESI mass spectrometry. . RP-HPLC retention time, t R ¼ 30.6 min.
Computational modeling of compounds 17 and 20
To obtain conformers covering a wide range of the conguration space, plain MD simulations were performed at 900 K. From the resulting MD frames, 1000 conformers were extracted and further optimized using the AM1 semi-empirical method. Then, the optimized 1000 conformers were sorted by their AM1 total electronic energies and the conformers within 6.0 kcal mol À1 of the lowest energy conformation of each compound were selected for geometrical comparison. The bonds, angles, and dihedral torsion parameters involving Si, that were absent in the amber general force eld (gaff), were generated by tting amber energies to the B3LYP/6-31G* energies of various conformers of TBDPS-OMe obtained from scanning all its dihedral angles. Amber 14 (Tools 15) 32 and Gaussian 33 were used for MD and quantum chemical simulations, respectively.
Computational modeling of Endo-A complexes with sugar oxazolines 39 and 41
Initial coordinates of Endo-A were obtained from the Protein Data Bank 34 (PDB ID: 3FHA). 35 As the focus of the study was on pocket residue-ligand interaction, missing segments and residues outside the pocket region were capped using Molecular Operating Environment v.2016.08 (MOE).
36 Gate-keeper residues, W216 and W244 are positioned parallel to one another during transglycoslyation.
35 W244 was rotated from its original perpendicular orientation to parallel with W216. Protein was initially minimized in MOE under the AMBER ff10 force eld 37 and Extended Hückel Theory.
The volumes of N-glycan oxazolines 39 and 41 were calculated using the van der Waals volume QSAR descriptor of MOE, using a connection table approximation to calculate 2D molecular descriptors. The compounds were then noncovalently docked with the docking program within MOE. Binding poses were rened using an induced t renement method.
The geometries of the N-glycan oxazoline compounds were optimized using the Gaussian 16 program package. The optimizations were performed using the AM1 method. 38 The obtained Mulliken charges were used with the antechamber module of Amber 16 in the generation of parameters for the Nglycan compounds. The systems were prepared using the Leap module of AmberTools16 (ref. Atomistic molecular dynamics simulations were performed for 30 ns at 300 K and 1 atm using AMBER 16. The SHAKE algorithm constrained bonds involving hydrogen. 39 The trajectories were produced using Langevin dynamics and the pressure of the system was regulated with isotropic position scaling. Longrange electrostatic effects were modeled using the particle-mesh Ewald method with a 10Å cutoff.
The produced trajectories were analyzed using AMBER 16 and visualized with MOE and the UCSF Chimera package. Free energy of binding was calculated for every picosecond using the Poisson Boltzmann model form the MMPBSA.py module of AmberTools and AMBER 16. The relative free energy trends between models were compared so solute entropy was neglected.
Scheme 1 Synthesis of tetrasaccharide 1 bearing different protective groups at the four strategic branching points. 
Results and discussion
The synthesis of key tetrasaccharide 1 commenced from disaccharide 2 27 (Scheme 1). Upon removal of the p-methoxybenzyl (PMB) group from 2, the glycosylation between the newly generated acceptor 3 and donor 4 went smoothly as promoted by N-iodosuccinimide (NIS) and TfOH to provide trisaccharide 5 in 88% yield. Trisaccharide 5 was treated with 80% AcOH to remove the benzylidene moiety followed by glycosylation with donor 7 to afford tetrasaccharide 1 bearing four different protecting groups at the branching points.
We next focused on the introduction of bisecting GlcNAc to the free 4-OH of tetrasaccharide 1. Glycosylation of the 4-OH group is known to be challenging as it is anked by two glycans. 18, 40, 41 Prior strategies to synthesize N-glycans with the bisecting glucosamine unit typically introduced the bisecting residue at 4-OH rst followed by the removal of the protective group on 6-OH and installation of the a1,6-arm. 27, [42] [43] [44] [45] [46] [47] The direct Scheme 4 Glycans can be installed at the strategic branching points after orthogonal deprotections. glycosylation of an acceptor containing free 4-OH with both a1,3-and a1,6-arms is attractive as it reduces protective group manipulations needed. Unverzagt and coworkers successfully developed this approach although a large excess (10 equiv.) of glycosyl donors was needed to overcome the low nucleophilicity of the 4-OH.
18,40,41
In our synthesis, we rst tested the direct glycosylation of tetrasaccharide 1 with 1.5 equiv. of glucosamine donor 8 (ref. 48) in the presence of NIS/TfOH. Surprisingly, while the desired pentasaccharide was detected from the reaction mixture by mass spectrometry, a pentasaccharide side product containing an iodide group was also formed, which likely resulted from electrophilic substitution of the product by the electrondecient iodonium ion generated from NIS. The side product could not be separated from the desired pentasaccharide. While NIS/TfOH is a promoter system widely used to activate thioglycosides, 49 the side reaction of iodination was not unprecedented as the Yu group reported aglycon iodination during NIS promoted thioglycosylation of a steroid derivative. 50 As an alternative to NIS/TfOH, we tested the reaction of 1 and 8 using p-TolSCl/AgOTf 51 as the promoter. In this case, however, a pentasaccharide side product containing a p-TolS moiety was found.
We hypothesize that the most likely location in tetrasaccharide 1 that was electrophilically substituted would be the methyl or methylene group a to the ketone carbonyl of the Lev. As electron-withdrawing protective groups, i.e., Troc and Lev, are on the same mannose unit of 1, the acidity of a-H of ketone may be higher. This consideration led us to switch the protective groups of Fmoc and Lev on the mannosyl donors, i.e., using new donors 9 and 12. The coupling between donor 9 and disaccharide acceptor 3 went smoothly, which followed by subsequent benzylidene removal gave the trisaccharide 11 in 77% yield (Scheme 2). Selective glycosylation at the primary hydroxyl group of 11 by mannose donor 12 generated tetrasaccharide 13. The 4-OH of tetrasaccharide 13 was protected as the O-acetate (tetrasaccharide 14) to synthesize N-glycans without the bisecting moiety.
The bisecting glucosamine was successfully introduced via the reaction of 13 with 2 equiv. of donor 8 with NIS/TfOH promoter to form pentasaccharide 15 ( Table 1 , entry 1). Although the yield was a modest 37%, the undesired iodide substitution products were not detected. When 3 equiv. of donor 8 was used, the yield increased to 53% (Table 1 , entry 2). Further increasing the amount of donor did not improve the yield signicantly, but rendered purication more complicated. The major side product was due to the reaction of succinimide generated from NIS with the activated glycosyl donor, which competed with the formation of the desired product. The promoter p-TolSCl/AgOTf was utilized next instead of NIS/TfOH. With 1.5 equiv. of donor 8, the desired pentasaccharide 15 was obtained in 44% yield (Table 1, entry 3) . Increasing the amount of donor from 1.5 to 3.0 equiv. led to a signicant increase of the yield of glycosylation to 81% (Table 1 , entries [3] [4] [5] . This compared favorably with several literature approaches 18, 40, 41 for introduction of the bisecting glycan as good glycosylation yield was obtained without the need for a large excess (10 equiv.) of the glycosyl donor.
With the key pentasaccharide 15 in hand, the possibility of orthogonally removing each of the temporary protective groups was explored. As shown in Scheme 3, treatment of 15 with triethylamine selectively removed the Fmoc group in 95% yield without affecting any other protective groups. The Lev group in 15 could be deprotected by hydrazine acetate, while Troc and TBDPS moieties were cleaved by Zn/AcOH and HF$pyridine respectively in good yields.
With the orthogonality of protective group removal established, glycosylations of the newly liberated hydroxyl groups were tested for the construction of asymmetrically branched Nglycans. To understand the impact of the bisecting glycan on glycosylation, both pentasaccharide 17 and tetrasaccharide 20 obtained from Lev removal of 14 were utilized as acceptors.
Glycosylation of pentasaccharide 17 with donor 8 promoted by NIS/AgOTf gave hexasaccharide 21 in 53% yield (Scheme 4). Other promoter systems such as NIS/TMSOTf, NIS/TfOH and pTolSCl/AgOTf were also tested, but did not lead to better yields. Compound 21 was treated with Et 3 N followed by glycosylation by disaccharide 23 and removal of TBDPS, affording octasaccharide 24 in 43% overall yield. Lewis X trisaccharide thioglycosyl donor 26 was prepared through a one pot procedure in gram scale. 52 Introduction of donor 26 onto the primary OH of octasaccharide 24 proceeded to give undecasaccharide 27 in 33% yield, where 21% of the unreacted acceptor was recovered in the reaction.
To synthesize glycans without the bisecting glycan, analogous glycosylations with donors 8, 23, 26 followed by subsequent deprotections were performed on the tetrasaccharide acceptor 20 (Scheme 4). The penta-, hepta-and decasaccharides 22, 25 and 28 were efficiently synthesized in 71%, 70% and 74% yields respectively, signicantly higher than the analogous yields for forming 21, 24 and 27 (53%, 43% and 33%). These results demonstrate that the bisecting glucosamine negatively impacted glycosylation yields at branching points.
To better understand the effect of the bisecting glycan, molecular modeling studies were performed. Both glycans 17 and 20 were subjected to molecular dynamics (MD) simulations at 900 K. From the resulting MD frames, 1000 conformers were extracted and optimized using the AM1 semi-empirical method. The conformers within 6.0 kcal mol À1 from the lowest energy conformation were selected for comparisons. It was noteworthy that the glycan 17 was more rigid than 20, as there were fewer distinct conformers of 17 than 20 in this energy range (Table  S1 †). Conformational analysis showed that the free 2-OH of compound 17 was much more sterically hindered than that in compound 20. The average number of atoms within 5Å of the OH group in the low energy conformers of 17 was quantied and found to be signicantly higher than that in compound 20 (42.9 vs. 35.9 Table S1 †). Furthermore, the OH group was pointing at the bisecting glucosamine unit in many conformers of 17 (Fig. 2 ). There were no additional hydrogen bond donors interacting with the free OH group in the optimized structures of 17 compared to that in 14. Therefore, the lower yields of glycosylation of 17 were mainly attributed to the increased steric hindrance around the OH group caused by the bisecting glucosamine unit.
As N-glycans are attached to proteins, we next explored the possibility of introducing the rare N-glycan to peptides with haptoglobin peptide (amino acids 233-254) 53,54 as a representative acceptor. The transglycosylation strategy by endoglycosidases [23] [24] [25] [26] [27] [28] pioneered by the Wang lab can enable convergent synthesis of glycopeptides by transferring glycosyl oxazoline donors to peptide acceptors bearing a GlcNAc on an asparagine residue. While the successful transfer of a bisected N-glycan by the endoglycosidase Endo-A has been reported, 27 the donor tested did not contain a1,3-or a1,6-glycan branches. Furthermore, it is unclear how the bisecting GlcNAc may impact the transglycosylation reaction.
To synthesize N-glycans for haptoglobin glycopeptides, compounds 15 and 14 were rst treated with Zn/AcOH and HF/ Py giving diols 29 and 30. Lewis X trisaccharide thioglycosyl donor 26 glycosylated diols 29 and 30 using the NIS/AgOTf promoter system followed by subsequent Lev and Fmoc removal producing undeca-and deca-saccharides 31 and 32 in 40% and 51% yields respectively (Scheme 5a). To prepare triantennary N-glycan, the Lev group in 29 and 30 was selectively removed. The resulting triols were glycosylated with Lewis X trisaccharide thioglycosyl donor 26 leading to tetradeca-and trideca-saccharides 33 and 34 (Scheme 5b).
The four oligosaccharides 31-34 were deprotected by rst incubating with ethylenediamine in n-butanol at 90 C, 31 which removed all ester and carbonate groups as well as the Phth to generate free amines (Scheme 6). To facilitate future quanti-cation by mass spectrometry, 55,56 the free amines were protected with 13 C labeled acetic anhydride to introduce 13 C labels into the GlcNAcs. Subsequent hydrogenolysis with Pearlman's catalyst under a hydrogen atmosphere 57 led to free N-glycans 35-38. With the free N-glycans in hand, they were transformed to the respective oligosaccharide oxazolines 39, 40, 41 and 42 using a mild chloroformamidinium dehydrating agent 43 (Scheme 7a), which were directly subjected to the enzymatic transglycosylation reactions with GlcNAc bearing haptoglobin glycopeptide 44 as the acceptor (Scheme 7b). Glycosyl oxazoline 40 was rst tested using endoglycosidases Endo-A (wild type) and Endo-M (wild type), and their respective Endo-A N171A, Endo-M N175A and Endo-M N175Q mutants as catalysts. Interestingly, we found that wild type Endo-A was able to transfer the glycan to give glycopeptide 46 in 73% overall yield, while all other enzymes tested failed to generate signicant quantities of desired products. Next, the bisecting GlcNAc containing oxazoline 39 was utilized as the donor. Similar to donor 40, Endo-A promoted the transglycosylation reaction efficiently producing glycopeptide 45 in 65% yield. These results suggest that the presence of the bisecting GlcNAc does not negatively affect the donor abilities of 39 and glycosyl oxazolines containing bisecting GlcNAc and complex glycans such as rare a1,3-and a1,6-branches can be suitable donors for transglycosylation to glycopeptides.
To test the limit of the Endo-A enzymes, tri-antennary Nglycan oxazolines 41 and 42 bearing three Le X moieties were subjected to transglycosylation reactions with acceptor peptide 44. However, no desired glycopeptides were observed with Endo-A. Nor did the Endo-M or any of the Endo-A N171A, Endo-M N175A and Endo-M N175Q mutants tested give desired glycopeptides.
To better understand the divergent behavior of glycosyl oxazolines 39 vs. 41, computational studies were performed on their complexes with Endo-A. The initial coordinates of Endo-A were obtained from the Protein Data Bank 34 (PDB ID: 3FHA) 35 and N-glycan oxazolines 39 and 41 were docked into the binding pocket of Endo-A using the docking program within Molecular 
Operating Environment v.2016.08 (MOE).
36 Binding poses were scored using the GBVI/WSA DG scoring function. It is known that W93, N171, E173, Y205, F125, W216, F243, W244 and Y299 are the active site residues interacting with the donor substrate. 35 Poses with the oxazoline ring positioned within range of these residues were simulated using atomistic MD with the AMBER 16 soware package. 32 The lowest energies poses with the oxazolines remaining in the binding pockets were obtained and analyzed.
MD simulations demonstrate that the binding energy of 39 and Endo-A is on average À81.44 AE 11.10 kcal mol À1 (Table 2 ).
In contrast, the binding energy of 41 is signicantly lower at À56.24 AE 9.95 kcal mol À1 , suggesting the much weaker binding of 41 by Endo-A. In crystal structures of Endo-A as well as that of Endo-A complexed with a tetrasaccharide oxazoline substrate, 35 the indole rings of W216 and W244 are perpendicular to each other, possibly forming a gate sealing off the active site. When oxazoline 39 was docked into Endo-A, the indole of W244 was moved to be parallel to that of W216 to allow the substrate to enter the active site. In all poses generated from subsequent MD simulations, the indole of W244 returned to the original perpendicular orientation to W216 (Fig. 3a) . However, in the complex of the tri-antennae bearing donor 41 with Endo-A, the additional antenna of 41 is located between these two tryptophan residues, possibly preventing the rotation of the indole ring. As a result, the two indoles of W244 and W216 remained close to parallel to each other (Fig. 3b) . This may have precluded the formation of a closed active site for catalysis, reducing the yields for transglycosylation.
Conclusion
A exible synthetic route to rare N-glycan structures has been designed with the core tetrasaccharide 13 bearing four orthogonal protecting groups serving as a linchpin. Through this key intermediate, many N-glycan oligosaccharides could be accessed including asymmetric antennary structures through orthogonal deprotection followed by glycosylations. During the synthesis, it was found that if Troc and Lev groups were on the same mannosyl donor, subsequent glycosylation could not give the desired product in good purity due to the introduction of an iodine into the molecule. This problem was successfully solved by switching the protecting groups of Fmoc and Lev in the two mannosyl donors. Furthermore, the synthesis was designed to enable late stage introduction of bisecting glucosamine. Suitable conditions have been identied to install the bisecting glycan in a high yield without resorting to a large excess of the glycosyl donor. The bisecting glucosamine was found to reduce the glycosylation yields of each branching point. Molecular modeling results indicated that the bisecting glycan sterically hindered the access of the free hydroxyl groups of the mannose branches for glycosylation. Finally, the limit and scope of endoglycosidase promoted transglycosylation reactions were tested. Two homogenous haptoglobin glycopeptides bearing an undeca-and a dodeca-saccharide respectively could be produced via wild type Endo-A catalyzed transglycosylation reactions. Sugar oxazoline donors containing three Le X in the antennae did not undergo productive transfer by the enzymes, which was likely because the bulky glycan substrate reduced binding affinity and prevented the necessary reactive conformations of the enzymes. This is the rst time that glycopeptides bearing bisecting GlcNAc and rare branches on a1,3-mannose have been produced, expanding the diversity of N-glycans and glycopeptides that can be accessed.
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